Pneumocystis species are opportunistic fungal pathogens that induce tumor necrosis factor (TNF) production by alveolar macrophages. Here we report that B cells from the draining lymph nodes as well as lung CD4 ؉ T cells are important producers of TNF upon Pneumocystis murina infection. To determine the importance of B cell-derived TNF in the primary response to P. murina, we generated bone marrow chimeras whose B cells were unable to produce TNF. The lung P. murina burden at 10 days postinfection in TNF knockout (TNFKO) chimeras was significantly higher than that in wild-type (WT) chimeras, which corresponded to reduced numbers of activated CD4 ؉ T cells in the lungs at this early time point. Furthermore, CD4 ؉ T cells isolated from P. murina-infected TNFKO chimeras were unable to stimulate clearance of P. murina upon adoptive transfer to recombinase-deficient (RAG1KO) hosts. Together, these data indicate that B cell-derived TNF plays an important function in promoting CD4 ؉ T cell expansion and production of TNF and facilitating protection against P. murina infection.
P
neumocystis species are opportunistic fungal pathogens that cause Pneumocystis pneumonia (PCP), especially in immunocompromised patients such as those with AIDS (1, 2). Many studies have demonstrated that both CD4 ϩ T cells and B cells contribute to protection against Pneumocystis infections (3) (4) (5) (6) (7) (8) (9) (10) , but the interactive roles of these lymphocytes in host defense have not been fully defined. Previous studies from our laboratory and others have shown that reconstitution of SCID mice with primed wild-type (WT) CD4 ϩ T cells was sufficient to facilitate Pneumocystis murina (the species found in mice) clearance from their lungs (5, 6, 8) . However, reconstitution with CD4 ϩ T cells primed in a B cell-deficient environment failed to clear P. murina (6) . This suggests that CD4 ϩ T cells primed in a wild-type environment have the ability to produce important cytokines that activate macrophages to eliminate the organisms. In addition, T cells have a survival advantage when primed in WT mice, since they are able to expand in both the tracheobronchial lymph node (TBLN) and the alveolar spaces, as opposed to those primed in a B cell-deficient environment (6) .
P. murina-specific antibodies (Abs) are important in protecting experimental animals from infection (3, 8) ; however, we have demonstrated that mice containing CD40-deficient B cells, unable to produce class-switched antibodies, cleared P. murina infection, suggesting that B cells have important functions other than antibody secretion (7) . Consistent with this, we have also shown that mice with targeted mutations in Fc␥ and ⑀ receptors cleared P. murina organisms (7) . Other laboratories have also demonstrated that B cells are essential in T cell-mediated protection of hosts against various infectious pathogens (11) (12) (13) (14) (15) . It is believed that naive CD4
ϩ T cells respond to some soluble antigens when processed by B cells (16, 17) . Furthermore, the proximity of B cells to CD4 ϩ T cells in the lymph node (LN) could enable them to continuously present antigen to maintain CD4 ϩ T cell effector or memory function (15, 18) .
Protection from P. murina is highly dependent on proinflammatory cytokines, such as gamma interferon (IFN-␥) and tumor necrosis factor (TNF), produced by effector cells (19) (20) (21) (22) (23) (24) (25) . Neutralization of TNF with monoclonal Abs (MAbs) resulted in persistent P. murina pneumonia in infected SCID mice that were reconstituted with splenocytes (22) . Recently, it was reported that some individuals on monoclonal antibody therapy targeting TNF have developed PCP (26, 27) . It is well documented that TNF can be produced by a number of cell types, including B cells and T cells (24) (25) (26) (28) (29) (30) . However, TNF produced primarily by macrophages in response to P. murina is thought to be important for clearance of infection (31) (32) (33) (34) . There is also evidence that TNF derived from lung epithelial cells contributes to the immune response to P. murina (35) .
Given that B cell-deficient mice are susceptible to PCP (36) even though they have functional CD4
ϩ T cells, we addressed the importance of B cells in promoting CD4
ϩ T cell activation in response to P. murina infection. We demonstrate that B cells produce TNF in the draining lymph node, impacting CD4 ϩ T cell expansion in response to the pathogen. Importantly, we show that in the absence of B cell-derived TNF, CD4 ϩ T cells are unable to clear P. murina upon adoptive transfer to lymphocyte-deficient RAG1KO mice.
MATERIALS AND METHODS
Mice. Adult C57BL/6, B6.129S2-Ighm tm1Cgn /J (MT), B6.129S-Tnf tm1Gk1 /J (TNFKO), and B6.129S7-Rag1 tm1Mom /J (RAG1KO) mice on a C57BL/6 background were purchased from The Jackson Laboratory (Bar Harbor, ME). Adult BALB/c mice were obtained from Taconic Farms. B cell-deficient mice on a BALB/c background (Igh-J tm1Dhu
[JhKO]) (14) were obtained from our breeding colony, initially obtained from Taconic Farms. A colony of C.129S6(B6)-Rag2 tm1Fwa (RAG2KO) mice on a BALB/c background, originally obtained from Taconic Farms, was used to maintain a source of P. murina for infection of experimental mice. Severe combined immunodeficient (SCID) mice on a BALB/c background (C.B-17) were obtained from The Jackson Laboratory. All experimental mice were housed in the Lexington, KY, Veterans Administration (VA) Medical Center veterinary medical unit or the University of Kentucky Division of Laboratory Animal Resources in sterile, filter-topped cages and were given sterile food and water. All animal procedures were approved by the Lexington VA or University of Kentucky Animal Institutional Care and Use Committee.
Enumeration and inoculation of Pneumocystis organisms. For isolation of organisms for inoculation, lungs were excised from P. murinainfected RAG2KO mice and pushed through stainless steel mesh in Hanks' balanced salt solution (HBSS). Cell debris was removed by centrifugation at 200 ϫ g for 2 min, and organisms were pelleted at 1,300 ϫ g for 15 min. Aliquots were spun onto glass slides, fixed in methanol, and stained with Diff-Quik (Siemens Healthcare Diagnostics, Deerfield, IL). P. murina nuclei were enumerated by microscopy. Mice to be infected were anesthetized lightly with isoflurane gas, and 10 5 to 10 7 P. murina organisms were injected intratracheally (i.t.) in 100 l of HBSS supplemented with 1 M penicillin-streptomycin and 0.1 M gentamicin. For determination of lung P. murina burden, the lung lobes were excised, minced, and digested in RPMI 1640 supplemented with 2% fetal calf serum (FCS), 1 mg/ml collagenase A, and 50 U/ml DNase for 1 h at 37°C. Digested lung fragments were pushed through mesh screens, and aliquots were spun onto glass slides and stained with Diff-Quik for microscopic enumeration. Lung burden is expressed as log 10 P. murina nuclei per lung. For these experiments, the limit of detection was 2.93 log 10 P. murina nuclei per lung.
In vivo proliferation of lymphocytes. Adult BALB/c or JhKO mice were infected i.t. with 10 7 P. murina organisms. Approximately 12 h before a specified time point, the mice were injected intraperitoneally (i.p.) with 100 l of 10 ng/ml bromodeoxyuridine (BrdU) from BD Biosciences (San Jose, CA). Cells were harvested from the TBLN and lung and stained with fluorescently labeled anti-CD4, -CD19, and -BrdU antibodies according to the manufacturer's instructions (BD Biosciences). BrdU incorporation into DNA of T and B cells was determined by flow cytometry (37, 38) .
Adoptive transfer of B cells and CD4 T cells. Donor WT C57BL/6 or BALB/c, TNFKO chimera, and B cell-deficient MT or JhKO mice were given intratracheal inoculations of 10 7 P. murina organisms. The draining LNs were collected at day 14 postinfection. CD4 T cells were isolated from single-cell suspensions of TBLN using negative-selection columns from R&D Systems (Minneapolis, MN). B cells were isolated from the spleens of either WT or TNFKO mice by positive selection using anti-CD19-coated magnetic beads and columns from Miltenyi Biotec Inc. (Auburn, CA) or StemCell magnet negative-selection kits, according to the manufacturer's protocol. C.B-17 SCID or RAG1KO mice were injected intravenously (i.v.) with 10 5 purified CD4 ϩ T cells either alone or together with 10 7 purified B cells, and 4 days later, the adoptive recipients were given intratracheal inoculations of 10 5 to 10 6 P. murina organisms.
Generation of mixed chimeras and adoptive transfer of B cells and CD4
؉ T cells. Mixed chimeric mice in which B cells were derived from TNFKO mice were generated as previously described (6, 7) . Briefly, recipient MT mice were lethally irradiated with 9.5 Gy from a 137 Cs source and reconstituted with bone marrow cells either from MT mice or from a mix of cells composed of 75% MT plus 25% TNFKO or C57BL/6 mouse cells. Chimerism was confirmed after 10 weeks by flow cytometry using peripheral blood samples and again at individual time points. Donor C57BL/6, TNFKO, MT, or mixed chimeric mice were given i. 6 P. murina organisms. Isolation of cells from alveolar spaces, lungs, and LNs. Lungs were lavaged with 5 1-ml washes of HBSS containing 3 mM EDTA to obtain alveolar cells. The fluid from the first wash was retained for cytokine analysis, and the cells were pooled with cells collected from the subsequent washes. Lungs were minced and digested as described above, and after removal of an aliquot for enumeration of P. murina organisms, erythrocytes were removed from the lung digest cells by using a hypotonic lysing buffer. Cells were washed, and single-cell suspensions were enumerated. TBLNs were pushed through mesh screens in HBSS to obtain single-cell suspensions, erythrocytes were removed, and cells were enumerated.
Determination of cytokine concentrations in serum and BALF. Serum and bronchial alveolar lavage fluid (BALF) collected from the first lung lavage wash was spun down, and supernatants were frozen for subsequent determination of cytokine levels by using an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's directions (eBioscience, San Diego, CA).
Flow cytometric analysis of lung and LN lymphocytes. Lung lavage, lung digest, and TBLN cells were washed in phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin (BSA) and 0.02% NaN 3 (PBA) and stained with appropriate concentrations of fluorochromeconjugated antibodies specific for murine CD4, CD8, CD44, and CD62L. Antibodies were purchased from BD Biosciences and eBioscience. Expression of these molecules on the surface of lymphocytes was determined by multiparameter flow cytometry using a FACSCalibur cytofluorimeter (BD Biosciences). Fifty thousand events were routinely collected. Unless otherwise stated, either the proportion of cells or total numbers of cells per tissue are reported.
Intracellular cytokine staining. Single-cell suspensions were obtained as described above. The cells were incubated for 2 h in 50 ng/ml phorbol myristate acetate (PMA) and 1 g/ml ionomycin to increase production of cytokines (39) . Brefeldin A (10 g/ml) was added to inhibit secretion, followed by a further 2-h incubation. Cells were surface stained in PBA with brefeldin A with fluorescently labeled anti-CD4 and -CD19 antibodies, followed by fixation in 10% formalin. Cells were permeabilized with PBA-0.5% saponin, FcRs were blocked with anti-CD16/CD32, and cells were stained with allophycocyanin (APC)-conjugated anti-TNF or isotype control antibody and analyzed by flow cytometry.
Pneumocystis-specific ELISA. Blood was collected from the abdominal aorta under isoflurane anesthesia, and sera were frozen at Ϫ80°C. A crude sonicate of P. murina protein (10 g/ml) was coated onto microtiter plates for 2 h, and coated wells were blocked with 5% dry milk in HBSS containing 0.05% Tween 20 for 1 h. Test sera were serially diluted and incubated in plates overnight (4°C). Plates were washed extensively, and bound Ab was detected by using alkaline phosphatase-conjugated specific Abs (anti-IgM and -IgG). After 4 h at 37°C, plates were washed and developed by using p-nitrophenylphosphate at 1 mg/ml in diethanolamine buffer. The optical density was read at 405 nm.
Statistical analysis. Differences between experimental groups were determined by using analysis of variance (ANOVA), followed by StudentNewman-Keuls or Dunn's post hoc tests where appropriate. Differences were considered statistically significant when the P value was Ͻ0.05. SigmaPlot 11.1 statistical software (Systat, San Jose, CA) was used for all analyses.
RESULTS

B cells enhance CD4
؉ T cell activation in response to P. murina infection. We previously reported that B cell-deficient mice have reduced numbers of activated CD4 ϩ T cells in the alveolar spaces in response to P. murina and that these cells fail to expand when transferred to immunodeficient SCID mice infected with P. murina (6, 7) . To determine whether this failure to expand is due to a problem with proliferation, T cells from B cell-deficient mice were examined by using our adoptive transfer model. CD4
ϩ T cells from P. murina-infected wild-type (WT) or JhKO mice (on a BALB/c background) were purified and transferred to C.B-17 SCID mice on a BALB/c background, followed by P. murina infection 4 days later. Twelve hours prior to each time point, BrdU was injected into the mice, and cells that had recently proliferated were examined by using flow cytometry. There was no difference in the number of CD4
ϩ BrdU-positive (BrdU ϩ ) cells in the draining lymph nodes (TBLN) of mice that received T cells from WT compared to JhKO donors at 14 days postinfection, but there were significantly more proliferating cells in the airways of mice that received WT T cells than in those of mice that received T cells from JhKO donors (Fig. 1A) . This reduced number of proliferating cells in the alveolar spaces of the JhKO CD4 ϩ T cell recipients raised the question of whether B cells could affect activation of T cells primed in JhKO mice. To test this, CD4
ϩ T cells from P. murinainfected JhKO mice were adoptively transferred alone or together with B cells from P. murina-infected WT donors into SCID mice. T cell activation was determined by flow cytometry. As shown in (Fig. 1E) . Consistent with our previous findings (6) , adoptive transfer of WT CD4 ϩ T cells alone cleared the organisms. Interestingly, the group of mice that received both JhKO T cells and B cells had a faster kinetics of accumulation of activated T cells and cleared the pathogen faster than the group that received WT T cells only (Fig. 1B to E) . Notably, we were able to detect P. murina-specific IgM in the BALF of mice that received both JhKO T cells and B cells (data not shown), and so we cannot rule out the possibility that the antibody made a contribution to the reduction in organism burden in these mice. However, these data do suggest that B cells play a critical role in CD4 ϩ T cellmediated host protection against P. murina. This could be through antigen presentation or local cytokine secretion.
T cell proliferation in B cell-deficient mice is not impaired. Because of the inability of JhKO CD4
ϩ T cells to expand in the alveolar spaces upon adoptive transfer (6) (Fig. 1) , we next determined whether they proliferated as well as cells from WT mice during the primary response to the pathogen. Adult BALB/c or JhKO mice were infected with P. murina, and approximately 12 h before each time point, the mice were injected with BrdU. As shown in Fig. 2A , there were no differences in CD4 T cell proliferation in the TBLNs between the two groups of mice. In contrast, there were significantly higher numbers of proliferating CD4 ϩ T cells in the lungs of the JhKO mice at days 20 and 27 postinfection than in the WT mice (Fig. 2B) . This corresponded to higher numbers of P. murina organisms in the lungs of the JhKO mice at these time points (Fig. 2E) . Although the JhKO mice were not able to eliminate P. murina organisms from the lungs, the CD4 ϩ T cellproliferative response to P. murina infection was robust. Additionally, we found similar proportions of IFN-␥-and interleukin-17 (IL-17)-producing CD4 ϩ T cells in the TBLNs of JhKO and wild-type mice as well as similar proportions of regulatory T cells (Treg) (data not shown), indicating that the failure to expand in adoptive hosts was not due to inhibition by Tregs.
Examination of B cell proliferation in P. murina-infected WT mice showed a small increase in the number of CD19
ϩ BrdU ϩ cells in the TBLN starting at day 6 postinfection (Fig. 2C) . The proportion of proliferating CD19 ϩ cells increased significantly (Fig. 2C) . Levels of CD19
ϩ BrdU ϩ cells remained high through day 20 and then decreased by day 27, which corresponded with P. murina clearance (Fig. 2E) . In the lungs, the number of CD19 ϩ cells that had proliferated increased from day 13 through day 20 postinfection (Fig. 2D) , suggesting that B cells that were proliferating in the TBLN started moving to the lungs at around day 13 postinfection. Proliferation of both lung and TBLN B cells decreased by day 27, which corresponded with decreased P. murina lung burden (Fig. 2E) . Taken together with the data described above, these data indicate that T cell proliferation takes place early in the TBLN, followed by B cell proliferation, and that both T cells and B cells then migrate to the lungs after proliferation. Moreover, B cells do not appear to be critical for proliferation of T cells during primary infection.
B cells produce TNF upon P. murina infection. Although there is evidence that B cells are able to produce TNF in response to some stimuli (28), it has not been shown whether B cells are able to produce TNF in response to P. murina infection. We next determined whether B cells contribute to the production of TNF in this infection model. B cells were harvested from the TBLN of P. murina-infected BALB/c mice at day 14 postinfection and restimulated in vitro with sonicated P. murina protein, whole P. murina cells, or lipopolysaccharide (LPS). B cells produced elevated TNF levels only when restimulated with sonicated P. murina (Fig. 3A) . There was a small increase in the level of TNF secretion upon restimulation with whole P. murina, but there was no detectable TNF secretion by the cells that were stimulated with LPS compared to unstimulated B cells (Fig. 3A) .
The ability of B cells to facilitate T cell activation ( Fig. 1 ) and produce TNF in the in vitro system (Fig. 3A) raised the question of when and where during the infection B cell-derived TNF might be important for defense against the pathogen. The kinetics of TNF secretion by CD4 ϩ T and B cells in vivo was therefore determined by using intracellular staining (Fig. 3C and D) . The number of CD4 ϩ T cells that produced TNF was highest in the lungs of BALB/c mice at day 14 during the peak of infection (Fig. 3C) . In contrast, the number of TNF-producing CD4 ϩ T cells peaked in the lymph node at day 10 postinfection (Fig. 3C) . B cell-derived TNF was predominantly produced by the cells in the lymph node at days 10 and 14 postinfection (Fig. 3D) . TNF-producing B cells were also found in the lungs, although there was less fluctuation in CD19
ϩ TNF ϩ cells in the lungs and no real peak seen over the course of the experiment (Fig. 3D) . We did not observe significant TNF production by either CD4 ϩ T cells or B cells in the TBLN at day 18 postinfection. This correlated with a significant decrease in the number of P. murina organisms in the lungs (Fig. 3B) . These data suggest that CD4 ϩ T and possibly B cells produce TNF in the lymph node and then move to the lungs, where they continue to produce TNF.
Chimeric mice with B cells that are unable to produce TNF clear P. murina with delayed kinetics. In order to determine whether B cell-derived TNF is important for a primary immune response and clearance of P. murina, we generated mixed bone marrow chimeras with B cells derived from TNFKO mice (TNFKO chimeras). Control chimeric mice included mice without B cells (MT chimeras) and mice with B cells derived from wild-type C57BL/6 donors (WT chimeras). Figure 4A demonstrates that CD19 ϩ cells from the draining TBLNs of TNFKO chimeras at day 10 postinfection produce background levels of TNF compared to WT chimeras, while the proportion of CD4 ϩ T cells that produce TNF is similar for all three groups. As we have previously reported (6, 7), MT chimeras failed to control P. murina lung burden over the course of the experiment, while WT chimeras cleared P. murina by day 30 postinfection (Fig. 4B) . TNFKO chimeras also cleared P. murina by day 30 postinfection but had about a 10-fold-higher lung burden at day 10 postinfection than did the WT chimeras (Fig. 4B) . This elevated lung burden at day 10 was not due to the activation state of CD19 ϩ B cells in the TBLN or lungs or to P. murina-specific IgG in the BALF, since there were no differences between the WT chimeras and TNFKO chimeras (Fig. 4E to G and data not shown) .
There were no significant differences in the number or activation state of CD4 ϩ T cells isolated from the BALF of the different chimeras (data not shown). However, at day 10 postinfection, there were fewer activated CD4 ϩ CD44 hi CD62L lo cells in both the TNFKO and MT chimeras than in the WT chimeras (Fig. 4C) , which corresponded to differences in lung P. murina burden (Fig.  4B) . Although there were no differences in the number of CD4 ϩ T cells in the TBLN between the groups, the MT chimeras had significantly fewer activated T cells than did the other two groups (Fig. 4D) . Interestingly, there was no difference between WT and TNFKO chimeras in the concentration of TNF or IFN-␥ in the BALF; however, MT chimeras had significantly less TNF at day 10 and more IFN-␥ at each time point postinfection (Fig. 4H and  I) . Together, these data indicate that B cell-derived TNF is important for the early control of P. murina infection. However, it was not immediately obvious from this model what the mechanism of B cell-derived TNF is in contributing to control of P. murina infection. CD4 ؉ T cells primed in the absence of B cell-derived TNF fail to stimulate clearance of P. murina. To determine the functional consequences of initial priming of CD4 ϩ T cells in an environment lacking B cell-derived TNF, we adoptively transferred CD4 ϩ cells from the TBLNs of P. murina-infected chimeric mice into RAG1KO mice 4 days prior to infection with P. murina. RAG1KO recipients that received CD4 ϩ T cells from WT chimeras were able to significantly reduce lung P. murina burden by day 30 postinfection, while the mice that received T cells from either MT or TNFKO chimeras were unable to control P. murina through day 30 postinfection (Fig. 5A) . Numbers of activated and TNF-producing CD4 ϩ T cells from WT chimeras were slightly elevated at day 10 postinfection in the lungs, while they remained near the limit of detection in mice reconstituted with cells from TNFKO or MT chimeras (Fig. 5B and D) . The reduction in P. murina lung burden in mice that received T cells from WT chimeras followed the appearance of elevated numbers of activated CD4 ϩ and TNFproducing CD4 ϩ cells in the lung at day 21 postinfection (Fig. 5B  and D) . In contrast, very few activated or TNF-producing CD4 ϩ T cells were found in the BALF or TBLN of mice reconstituted with T cells from MT chimeras (Fig. 5C and data not shown) . Reduced numbers of activated and TNF-producing T cells from TNFKO chimeras were found in the lung digests at day 21 postinfection, although the numbers of these cells increased through day 30, while the number of T cells from WT chimera recipients decreased over this time frame as P. murina lung burden was reduced (Fig. 5A, B, and D) . IFN-␥ concentrations in the BALF were similar in the wild-type and TNFKO chimeras, although the peak was earlier in the TNFKO chimeras than in the other two groups (Fig.  5F ). The MT chimeras had significantly higher levels of IFN-␥ in the BALF at day 20 postinfection than the other groups (Fig. 5F ), but the ability to produce IFN-␥ did not correspond to an ability to control infection in this experiment. These data demonstrate that B cell-derived TNF is important for the initial priming of CD4 ϩ T cells in response to P. murina and clearance of infection.
DISCUSSION
The work presented here confirms our previous finding that B cells promote CD4 ϩ T cell activation in response to P. murina organisms. An important new finding is that B cells produce TNF in the tracheobronchial lymph node as well as in the lungs in response to P. murina stimulation. The data indicate that B cells participate in CD4 ϩ T cell expansion and secretion of proinflammatory cytokines in the course of infection with the fungal pathogen. Work by Whitmire et al. showed that B cells play an important function in sustaining CD4 ϩ T cell memory (40) . In their studies, they found that CD4 ϩ T cells form a normal primary response to lymphocytic choriomeningitis virus (LCMV) in the absence of B cells but that this CD4 ϩ T cell response disintegrates quickly and cannot be detected 1 month later. They further observed that the role of B cells in their system was not dependent on antibody secretion. Consistent with our data in this report, they speculate that this novel role of B cells could be a result of B cell-specific local cytokines or direct contact through costimulatory molecules involved in the second signal for T cell activation (40) .
It is well established that activated B cells are competent at presenting antigens (16, 17) . Previous data from our laboratory showed that major histocompatibility complex class II (MHCII) B cell chimeric mice in which MHC was present on other antigenpresenting cells but not on B cells were not able to clear P. murina infection (6) . Moreover, chimeric mice whose B cells were deficient in CD40 cleared P. murina infection but with delayed kinetics compared to wild-type mice (7) . Those studies and the current data are consistent with our hypothesis that B cells provide important signals to stimulate CD4 ϩ T cell effector function during P. murina infection. Other investigators have reported that cytokines produced by B cells increase the function of effector T cells (12, 15, 28, 41, 42) . In addition, it has been shown that TNF and lymphotoxin produced by B cells are important in the development of lymphoid follicles in Peyer's patches (43) and in the development of T helper responses in lymph nodes (15) . It is possible that the TNF produced by B cells in our model could be important in lymphoid architecture, but this cannot be concluded from these studies. Rather, we report that priming of CD4 ϩ T cells in the presence of TNF-producing B cells is important for T cell activation and expansion. We normally find the same numbers of CD44 hi CD62L lo CD4 ϩ T cells in the TBLNs of both WT and B cell-deficient mice, sug- gesting that the T cells are able to be activated initially, likely by dendritic cell (DC) interactions. This confirms previous studies where we demonstrated that the CD4 ϩ T cells isolated from the TBLNs of B cell-deficient mice responded to in vitro restimulation by proliferating and producing both IFN-␥ and IL-2 as well as their counterparts from WT mice (6). Here we report significantly increased numbers of proliferating CD4 ϩ T cells in B cell-deficient mice at later time points postinfection compared to the numbers in WT mice. This could be a result of an increased lung P. murina burden in the B cell-deficient mice. We clearly show no functional defect in the ability of JhKO T cells to proliferate in response to the organisms. However, we have preliminary data suggesting that T cells from infected JhKO mice are also undergoing apoptosis at a higher rate than in WT mice, suggesting that B cells may be providing survival signals for T cells during infection. Indeed, our adoptive transfer model, in which T cells from B cell-deficient mice do not expand as readily as T cells from WT donors, was highly suggestive that B cells are needed for expansion of CD4 ϩ T cells in adoptive hosts. We were able to induce expansion of these cells by transferring B cells along with CD4
ϩ T cells primed in B cell-deficient mice, resulting in the rescue of T cells and control of infection.
Although the role of TNF in host defense against Pneumocystis has been extensively studied, it had been presumed that alveolar macrophages were the most important source of TNF (34, 44) . We demonstrated here that B cells were able to produce TNF in the TBLN and lungs in response to P. murina and that CD4 ϩ T cells produced TNF in the TBLN only at early time points. TNF production by B cells corresponded to the proliferation of B cells in the TBLN, which started at day 6 postinfection. There was a significant change in TNF production by CD4
ϩ T cells at time points corresponding to the peak of infection, suggesting that the TNFproducing T cells in the TBLN had moved to the lung after being activated. During germinal center formation, cognate interaction between the B and T cells in the T cell zone leads to activation of B cells. Ngo and colleagues demonstrated that B cells influence splenic T cell zone development by providing signals that promote T cell accumulation (45) . Our data suggest that this B cell-T cell interaction could have a beneficial effect by facilitating CD4 ϩ T cell activation or survival (Fig. 4) . Consistent with this idea, we found that B cells from wild-type mice were able to rescue the expansion of CD4 ϩ T cells primed in B cell-deficient donors upon transfer to SCID mice (Fig. 1 ). This could in part be through TNF secretion enabling the CD4 ϩ T cells to expand and secrete proinflammatory cytokines essential for P. murina elimination.
Utilizing mixed bone marrow chimeric mice, we were able to demonstrate for a primary immune response that in the absence of B cell-derived TNF, there was about a 10-fold-higher lung P. murina burden than in wild-type chimeras at day 10 postinfection (Fig. 4) . By day 22, there was no difference between the WT and TNFKO chimeras in lung P. murina burden, indicating that B cell-derived TNF is important during the early phase of infection. The increased P. murina burden in the TNFKO chimeras at day 10 corresponded to reduced numbers of activated CD4 ϩ T cells in the lungs but not in the BALF. Transferred CD4 ϩ T cells primed in the TNFKO chimeras were unable to stimulate clearance of P. murina in RAGKO hosts, indicating that B cell-derived TNF is important for the effector function, including TNF production, of T cells. These data suggest that B cells are important for stimulating TNF production in T cells, and it may be that T cell-derived TNF is critical for stimulating the phagocytosis and killing of P. murina by lung phagocytes.
A number of recent reports have demonstrated the importance of B cells and/or TNF in host defense against Pneumocystis jirovecii in humans. Case reports have been sprinkled in the literature, showing that treatment of patients with rituximab, anti-CD20, as a part of chemotherapy for B cell lymphoma can result in severe PCP (46, 47) , confirming the importance of B cell function in controlling Pneumocystis infection. There have also been reports that TNF blockers (infliximab, adalimumab, and etanercept) used as therapy for Crohn's disease or rheumatoid arthritis have resulted in PCP in some individuals (26, 27, 48) . This confirms the strong animal data demonstrating an important role of TNF in mediating the immune response to Pneumocystis. Together, the data presented here demonstrate a role for B cell-derived TNF in the expansion and function of CD4 ϩ T cells in controlling and clearing lung infection with Pneumocystis. In addition to the wellknown role of alveolar macrophages in secreting TNF in response to Pneumocystis, presumably for initiation of an innate inflammatory response in the lungs, we show that B cells produce TNF in the draining lymph nodes during the initiation of adaptive immune responses, and activated CD4 ϩ T cells elaborate TNF in the lungs. B cell-derived TNF appears to provide an expansion or survival signal for CD4 ϩ T cells. These data provide important evidence that TNF is vital during multiple phases of the immune response and is produced locally by multiple cell types to stimulate different immune effector functions.
